A 3n2 kb BamHI-EcoRI fragment of the Cydia pomonella granulovirus (CpGV) genome was subcloned and characterized. Sequence analysis revealed two complete and one partial open reading frames (ORFs). ORF7L is predicted to encode a 66n7 kDa protein (594 amino acid residues) that is 57 % identical (amino acid sequence) to the chiA gene (ORF126) of Autographa californica nucleopolyhedrovirus (AcMNPV), encoding a chitinase. ORF8R is 333 amino acids in length and shows high similarity (between 64 % and 67 %) with baculovirus cathepsins. The partial ORF, ORF5L, is related to AcMNPV ORF145 of unknown function. Phylogenetic trees were constructed for both chitinase and cathepsin sequences from baculoviruses and other species. In both cases, the baculovirus sequences were monophyletic but with a deep division between the GVs and NPVs, suggesting both genes were
Introduction
Cydia pomonella granulovirus (CpGV) is pathogenic for the codling moth (C. pomonella), an important pest on apples, pears and walnuts (Glen & Payne, 1984) . It contains a 126 kb doublestranded circular DNA genome which has been physically mapped (Crook et al., 1985 . However, little else is known about the molecular biology of this virus. Sequence information has only been published for iap (Crook et al., 1993) , opdv-6e (Theilmann et al., 1996) , five open reading frames (ORFs) on the BamHI J fragment (Kang et al., 1997) , granulin and ORF124R .
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Fax j44 171 584 2056. e-mail dor!ic.ac.uk † Deceased present in an ancestral virus prior to the separation of the two genera. However, these studies did not provide definitive evidence for the origin of either protein in baculoviruses. To investigate CpGV cathepsin function, a rescue experiment was performed using a Bombyx mori NPV (BmNPV) mutant (BmCysPD) which lacks a functional cathepsin (cath) gene. Larvae infected with BmCysPD-Cp.cat, a BmCysPD derivative carrying CpGV cath, showed similar symptoms to wild-type BmNPV infected insects, confirming that CpGV cath encodes a functional cathepsin. Primer extension analysis of mRNA from BmCysPD-Cp.cat infected cells showed that CpGV cath transcription was initiated from a consensus late transcription motif (ATAAG) within the CpGV sequences, indicating that a CpGV late promoter motif was recognized in this NPV system.
A functional chitinase gene (chiA) has been identified in the genome of Autographa californica nucleopolyhedrovirus (AcMNPV). The chiA gene is expressed in the late stage of virus replication and its product has both endo-and exochitinase activity (Hawtin et al., 1995) . Chitinase genes have also been identified from Bombyx mori (Bm)NPV (Maeda, 1996) , Choristoneura fumiferana (Cf) defective NPV (Arif & Peng, 1996) , Helicoverpa zea (Hz)NPV (Wu & Tribe, 1996) and Orgyia pseudotsugata (Op)NPV (Ahrens et al., 1997) . Surprisingly, AcMNPV chiA was found to be most closely related to the Serratia marcescens chitinase A gene suggesting that baculoviruses acquired the chitinase gene from a bacterium (Hawtin et al., 1995) .
More than 100 sequences of the papain superfamily have been described in a wide range of organisms (Berti & Storer, 1995) including a number of papain-like cysteine proteases in 0001-5515 # 1998 SGM CCID baculoviruses (Rawlings et al., 1992 ; Ohkawa et al., 1994 ; Slack et al., 1995) . The AcMNPV cysteine protease is expressed as a precursor form which is processed to a 27n5 kDa mature form. At the sequence level, the baculovirus cysteine proteases most closely resemble cathepsins L and\or H, but detailed characterization of the substrate specificity of AcMNPV cathepsin suggests that its activity more closely resembles cathepsin B (Ohkawa et al., 1994 ; Bro$ mme & Okamoto, 1995 ; Slack et al., 1995) . Deletion of either the cathepsin (cath) or chiA genes results in failure of the virus to cause liquefaction of the host, indicating that the proteins function together to promote degradation of host tissues at the end of the infection process (Ohkawa et al., 1994 ; Slack et al., 1995 ; Hawtin et al., 1997 ; Suzuki et al., 1997) .
In this paper, the nucleotide sequence of 3n4 kb of the BamHI F fragment of CpGV is presented. This region encodes a chitinase, a cathepsin and a homologue of AcMNPV ORF145. Phylogenetic trees have been constructed for the chitinase and cathepsin genes. In both cases, the baculovirus genes are monophyletic. Within the baculoviruses, there was strong support for the CpGV genes belonging to a group distinct from the other (NPV) baculovirus genes. These studies did not provide definitive evidence for the origin of either gene in baculoviruses. CpGV cath could complement a BmNPV mutant lacking a functional cath, confirming that CpGV cath encodes a functional cathepsin. Cathepsin transcription was initiated from a consensus late promoter motif within CpGV sequences in this recombinant, indicating that a CpGV promoter is functional in the BmNPV system.
Methods
Virus, cell lines, and insects. The BmN cell line was maintained in TC-100 with 10 % foetal bovine serum as described previously (Maeda, 1989) . The BmNPV T3 isolate, BmCysPD, and the recombinant BmCysPD-Cp.cat (see below), were propagated on BmN cells. Cotransfection of BmNPV-abb DNA (Zhou et al., 1998) and pBhEPS-Cp.cat (see below) was performed using lipofectin (GibcoBRL). Virus infections and plaque assays were performed as described previously (Maeda, 1989) . Larvae of the silkworm B. mori were reared on artificial diet at 27 mC (Maeda et al., 1985) .
DNA manipulations. The cosmid M64 was digested with BamHI and EcoRI and the 3n2 kb fragment inserted into pHSS6 (Seifert et al., 1986) . The fragment was subjected to saturating transposon mutagenesis (Kang et al., 1997) . Sequencing was performed by dideoxy termination using T7 DNA polymerase (Pharmacia) from primers binding to sequences within the transposon inserts. Additional primers were made to CpGV sequences when necessary. The fragment was sequenced completely in both directions. Sequence assembly and analysis were performed using the GCG package (Devereux et al., 1984) .
To construct a BmNPV transfer vector containing the CpGV cathepsin gene (pBhEPS-Cp.cat), CpGV cath was amplified by PCR using the primers pCat-1 (5h tggtgtgataattaatt 3h) and pCat-2 (5h acacttactactacac 3h). The PCR product was treated with T4 DNA polymerase and ligated into pBhEPS1 (S. Maeda, unpublished results) which had been digested with EcoRI and treated with Klenow. Sequence analysis of the resulting plasmid, pBhEPS-Cp.cat, confirmed that the cath gene sequence had not been changed during cloning. For hybridization, DNA was vacuum blotted onto Hybond-Nj membranes (Amersham) and detected using ECL kits (Amersham). Routine methods for DNA manipulation were as described by Sambrook et al. (1989) .
RNA manipulations. BmN cells were infected at a m.o.i. of 10, collected 16 h post-infection, and mRNA was purified using a FastTrack 2.0 kit (Invitrogen). Reverse transcription (RT) of mRNAs from uninfected, BmNPV infected or BmCysPD-Cp.cat infected cells was carried out using oligo(dT) primers and MMLV reverse transcriptase. 1\10 and 1\100 dilutions of the RT products were used for PCR ; 1 µg of mRNA and an IRD-41-labelled primer (5h gctgttgtttaggtcgtaggtgagagcgtg 3h, shown in Fig. 2 ) were used for primer extension. The labelled primer was also used to prime nucleotide sequence reactions using pBhEPS-Cp.cat as template. The products of primer extension and sequencing were resolved on an automatic DNA sequencer (LI-COR).
Phylogenetic analysis. Conceptual translations of CpGV chitinase and cathepsin proteins were compared to a variety of homologous proteins obtained from BLAST searches of the ' nr ' (non-redundant) sequence database. The percentage similarity between sequence pairs was calculated using GAP (scoring matrix : Gribskov normalization of Dayhoff's evolutionary distance table), as implemented in the GCG package (Devereux et al., 1984) . Multiple sequences were aligned using PILEUP (GCG suite ; Devereux et al., 1984) , CLUSTALW (Thompson et al., 1994) or MALIGN (Wheeler & Gladstein, 1994) with the following parameters : PILEUP ; gap weight 3n0, gap length weight 0n1, scoring matrix as above ; CLUSTALW ; pairwise alignments ; slow, gap opening 10, gap extension 0n1, matrix BLOSUM 30 ; multiple alignments ; gap opening 10, gap extension 0n05 ; MALIGN ; gap cost 2, change cost 1, phylogenetic scoring 8, alignments swapped while added, simple sequence swapping after addition of all taxa. Alignments were refined by eye to exclude regions that could not be unambiguously aligned. The chitinase sequences were highly divergent and thus only a relatively small proportion of the total alignment (212 amino acids) was included in subsequent phylogenetic analysis. The cysteine protease data matrix was based only on sequences in the mature protein and consisted of 185 amino acids. Phylogenetic analysis was performed using both maximum parsimony and neighbour-joining approaches and utilized the computer packages PAUP4d-61 (written by D. L. Swofford) and PHYLIP (Felsenstein, 1989) respectively. Single maximum parsimony trees were obtained after 25 random addition replicates using the ' protpars ' matrix. Maximum parsimony bootstrap values were obtained from 100 replicates, each with 10 random additions using the unordered matrix. Neighbour-joining bootstraps were subjected to 1000 replicates, using the ' protpars ' matrix. Topological constraint trees (which allow the number of steps required to generate user defined topologies to be determined) were also constructed using PAUP.
Nucleotide sequence accession number. The nucleotide sequence data presented in this paper have been submitted to the GenBank database and assigned the accession number AB010886.
Results and Discussion
Nucleotide sequence analysis of the 3n2 kb fragment
The cloned 3n2 kb BamHI-EcoRI fragment was subjected to saturation transposon mutagenesis in E. coli using a Tn3 based system (Kang et al., 1997) . Seventeen clones were selected for nucleotide sequence analysis (data not shown). The primary sequence data were analysed to predict potential protein coding regions. Five ORFs that are initiated with a methionine Fig. 1 codon and could encode a polypeptide of at least 50 amino acids are present in this region. In addition, five partial ORFs extend past the BamHI or EcoRI sites used to clone the fragment. Seven of these ten ORFs are completely contained within other ORFs and show no homology to other known genes (data not shown). Therefore, only the three remaining ORFs were examined further (Fig. 1) . ORF nomenclature was based on the rules described in Kang et al. (1997) . Since ORF8R extends past the EcoRI cloning site, further sequencing was carried out using synthetic primers and cosmid M64 DNA as a template. An additional 231 bp of sequence was obtained in both directions that included the ORF8R termination codon. The complete sequence is presented in Fig. 2 .
Characteristics of the three ORFs
ORF5L is predicted to encode a protein of greater than 49 amino acids that is 50 % identical (76 % similar) to the Nterminal region of a putative ORF of Xestia c-nigrum (Xc)GV (data not shown). This XcGV ORF is a homologue of AcMNPV ORF 145 (Ayres et al., 1994 ; Goto & Maeda, 1996) . These are predicted to encode very small proteins (approximately 95 residues) of unknown function. A conserved late transcription motif (ATAAG) is present immediately upstream of this ORF (k14 nt from the ATG codon ; Fig. 2) .
ORF7L could encode a protein of predicted size 66n7 kDa (594 amino acids) that is 57 % identical (75 % similar) to the chiA gene of AcMNPV. A conserved late transcription motif (CTAAG) is also present upstream of this gene (k9 nt from the ATG). AcMNPV chiA is expressed as a late gene and we expect that this CpGV homologue is also a late gene. It also shows high homology with chiA genes from other baculoviruses. This is most marked in the central part of the protein and extends towards the C terminus. The N-terminal part of the protein is less well-conserved. The conserved central region encompasses the putative active site of chitinase (amino acids 284-328 ; Hawtin et al., 1995) and the putative catalytic residue (Glu$"$) is also conserved in CpGV.
ORF8R is predicted to encode a protein of 333 amino acids preceded by a late transcription motif (ATAAG) 19 nt upstream of the ATG (Fig. 2) . This ORF is similar to several baculovirus cathepsins. Its amino acid sequence is 43 % identical (66 % similar) to v-cath of AcMNPV, 42 % (65 %) to BmNPV, 44 % (64 %) to CfMNPV and 46 % (67 %) to OpMNPV, respectively. Fig. 3 shows an alignment of baculovirus cathepsins. The proposed active sites of these enzymes are well-conserved, and the presumed catalytic Cys and His residues are retained in CpGV cathepsin. The mature cathepsin of AcMNPV is thought to be formed by cleavage at Pro""$ (Slack et al., 1995) Although the proline is conserved in CpGV cathepsin, the residues immediately before it are not (Fig. 3) , and it is unclear whether the CpGV protein is cleaved at the same site. Like the other baculovirus cathepsins, CpGV cathepsin possesses a hydrophobic N-terminal region, suggesting the presence of a signal peptide.
Phylogenetic analysis of baculovirus chitinases and cathepsins
The AcMNPV chitinase has been reported to cluster within a group of bacterial chitinase proteins (Hawtin et al., 1995) . Together with the observation that the sister taxon of AcMNPV chitinase was encoded by the enteric insect pathogen Serratia marcescens, this led to the suggestion that baculovirus chitinase genes were obtained from bacteria via an ancient horizontal gene transfer event (Hawtin et al., 1995) . Since this proposal was made, additional chitinase sequences have become available, including several from other NPVs. We now present the first report of a GV chitinase. We therefore investigated whether chitinase phylogeny still supported this proposed horizontal gene transfer event. Phylogenetic trees were also constructed for the cathepsins.
The chitinases cluster into two well supported groups which we term ChiA-like and ChiB-like (Fig. 4 a) . The ChiB-like group contains proteins from many disparate organisms including bacteria, fungi, plants, insects and vertebrates, whereas the ChiA-like group contains all the baculovirus sequences, ChiA proteins from several species of bacteria, and a single example from the nematode Wuchereria bancrofti (Raghavan et al., 1994) . The baculovirus sequences appear to be monophyletic, with a deep division between CpGV and the NPVs. There is no definitive evidence to support a bacterial origin for these baculovirus chitinases. Single maximum Predicted or known active site regions of cysteine proteases are underlined. Catalytic Cys and His residues within the active site are in bold and indicated with an asterisk. The putative target site for cleavage after translation is indicated by a line above the sequence. The sequences aligned were as follows. Ac, AcMNPV (Ayres et al., 1994) ; Bm, BmNPV (Ohkawa et al., 1994) ; Cf, CfMNPV (Hill et al., 1995) ; Cfdef, defective virus from C. fumiferana, (Arif & Peng, 1996) ; Op, OpMNPV (Ahrens et al., 1997) ; Cp, CpGV.
parsimony and neighbour-joining trees constructed from amino acid alignments generated using PILEUP and MALIGN (an example is shown in Fig. 4 a) indicated that there was no obvious support for the clustering of the baculovirus proteins within a bacterial ChiA clade. Instead, the baculovirus chitinases and the bacterial ChiA proteins were usually found to represent distinct lineages within the ChiA group. The clustering of the baculovirus and bacterial chitinases into distinct lineages was largely dependent on the inclusion of sequences not available to previous workers : without them we obtained the same topology as Hawtin et al. (1995) , with robust bootstrap support for the AcMNPV chitinase protein nesting within the bacterial ChiA clade (data not shown).
Although the phylogeny in Fig. 4 (a) shows the bacterial ChiA group to be monophyletic this was not well supported by bootstrap analyses. To investigate this further we constructed topological constraint trees, forcing the Alteromonas sequence to lie basal to a clade containing the baculovirus chitinases and the other bacterial ChiA-like chitinases. Only two additional steps over the phylogeny shown in Fig. 4 (a) (1557 as opposed to 1555) were needed to place the Alteromonas sequence in this position (data not shown). Consistent with this, excluding some amino acid residues from the data matrix also occasionally resulted in trees with this topology. It is interesting to note that the AcMNPV chitinase is more similar to S. marcescens ChiA (60 % identical) than it is to CpGV chitinase (57 %). This Fig. 3 with the addition of Hz, HzNPV (Wu & Tribe, 1996) .
suggests that some taxa may be evolving faster than others which could further complicate phylogenetic reconstruction. It therefore appears that additional chitinase sequences will be required before robust topologies can be obtained. The identification of a nematode ChiA-like sequence suggests that related proteins may be present in a far larger range of organisms than is known to date.
Cathepsins belong to the papain or C1 superfamily of cysteine peptidases (Rawlings & Barrett, 1994) . Phylogenetic analysis of these enzymes indicates that there is a deep division between the cathepsin B class and other members of the group (Berti & Storer, 1995) . A small number of bacterial aminopeptidases that belong to the papain superfamily are also highly diverged from other members of the group (Ward et al., 1997) . In agreement with previous studies (Berti & Storer, 1995 ; Ward et al., 1997) , our analysis shows that the baculovirus cathepsins belong to the non-cathepsin B group within the papain superfamily. Fig. 4 (b) sequences represent a distinct clade and cannot be grouped preferentially with any other members of the group. Thus, it is not possible to draw any conclusions on the origin of the baculovirus cathepsins.
Similar to the chitinases, the baculovirus cathepsins are monophyletic (Fig. 4 b) , with the GV sequence branching off prior to the further divergence of NPV sequences. Overall, these trees match well with previously published baculovirus phylogenies based on polyhedrin\granulin (Zanotto et al., 1993) or EGT sequences (Clarke et al., 1996) The chitinase and cathepsin genes are adjacent to each other in a head-to-head arrangement in all baculoviruses examined to date except HzNPV (Fig. 5) . The conservation of gene arrangement between GVs and NPVs indicates that this gene organization was present prior to divergence of these lineages. The altered gene arrangement in HzNPV is probably due to gene rearrangement following the divergence of HzNPV from other NPVs. Since chitinase and cathepsin are largely dependent on each other for activity (Hawtin et al., 1997) it is possible they were acquired simultaneously. It is clear that the baculovirus CCIJ cathepsins do not derive from a bacterial source, as the bacterial aminopeptidases belong to a distinct, highly diverged sub-group within the papain superfamily. This could be another argument against the hypothesis that the chitinase was acquired from a bacterium.
Construction of the recombinant BmCysPD-Cp.cat
Exploring the biological function of CpGV genes is complicated by the difficulty of engineering the virus. As an alternative, we chose to study CpGV cathepsin function by attempting to rescue a BmNPV mutant lacking a functional cath gene (BmCysPD ; Ohkawa et al., 1994) . CpGV cath was subcloned into the BmNPV transfer vector pBhEPS1 by PCR to give the plasmid pBhEPS-Cp.cat, containing CpGV cath inserted upstream of the BmNPV polyhedrin gene. This plasmid was cotransfected into BmN cells with the polyhedrindeficient BmNPV-abb (Zhou et al., 1998) and a polyhedra forming recombinant, designated BmNPV-Cp.cat, was isolated. This recombinant virus contains CpGV cath upstream of the polyhedrin gene, and retains its own cath gene. The endogenous cath gene was deleted by cotransfection with pBmCysPD, in which BmNPV cath has been deleted by replacement with a β-galactosidase gene cassette (Ohkawa et al., 1994 confirmed by PCR and Southern hybridization (data not shown).
In the transfer vector pBhEPS1, the gene of interest is inserted upstream of polyhedrin under the control of its own promoter. To investigate whether CpGV cath was expressed in BmN cells, RT-PCR was performed on mRNA purified from uninfected, BmNPV T3, and BmCysPD-Cp.cat infected BmN cells at 16 h post-infection. PCR products were obtained only from the BmCysPD-Cp.cat infected cells (data not shown), confirming the CpGV cath promoter is active in this system. Primer extension analysis was performed to determine the initiation site for CpGV cath transcription (Fig. 6 ). Two products were detected which mapped to the baculovirus late promoter motif ATAAG located upstream of the cath gene (k17 and k18 nt relative to the cath start codon ; Fig. 2) . Thus, this CpGV late promoter motif is functional in the context of an NPV infecting BmN cells. Given that other baculovirus cath genes are transcribed late in infection, it is likely that CpGV cath is also expressed as a late gene during CpGV infection.
Effect of BmCysPD-Cp.cat infection on B. mori larvae
Although cath is not essential for virus replication there are differences between the pathology of wild-type (wt) virus and cath − virus infections. Larvae injected with wt virus become flaccid and their cuticle darkens whereas insects injected with a cath − virus retain a healthy and whitish epidermis (Ohkawa et al., 1994 ; Slack et al., 1995) . We compared the pathology of BmCysPD-Cp.cat infections with wt virus and BmCysPD (cath − ) infections. Larvae injected with all three viruses died within 5-6 days as expected. In contrast to larvae injected with BmCysPD, insects injected with BmCysPD-Cp.cat turned black within a day after death, like the wt virus injected larvae (Fig.  7) . Thus, CpGV cath is able to complement the absence of its BmNPV counterpart, strongly suggesting that it encodes an active cathepsin that fulfils a similar role during CpGV infection of C. pomonella larvae. However, we did note that the cuticles of larvae infected with BmCysPD-Cp.cat were not as fragile as those from wt BmNPV infected insects and the tissues did not appear to liquefy to the same extent. This suggests that the activity of the CpGV enzyme is slightly different from that of BmNPV. It remains to be seen whether this is a qualitative difference (e.g. in substrate specificity) or simply a difference in the amount of enzyme present in this system.
